Antibiotics (Abxs) are used by numerous individuals and farm animals every day. Although Abxs are a cure for many infectious diseases, they also have negative impacts on the physiology of patients.[@bib1], [@bib2] An increasing number of studies have revealed that the gut microbiota is strongly associated with human health. It not only participates in nutrient metabolism and maintenance of the gut mucosal integrity, but it is also involved in immunoregulation and defense against pathogen invasion.[@bib3], [@bib4] Recent research has indicated that Abx-induced dysbiosis causes pathologic changes in the central nervous system, including impairment of neurodevelopment in newborn mice and neurodegeneration in adult mice.[@bib5], [@bib6], [@bib7]

Corneal nerves are peripheral nerve fibers that adjoin the central nervous system, the most densely innervated and sensitive tissue in the human body. This serried nerve network is composed of sensory, sympathetic, and parasympathetic nerves[@bib8] and can rapidly respond to mechanical and chemical stimulation; thus, it plays a crucial role in protecting the cornea from external injury. In addition, corneal nerves can sense alterations in outside temperature, stimulate the secretion of tears from the lacrimal glands to maintain a humid ocular surface,[@bib9] and secrete neuropeptides to promote mitosis of corneal epithelial cells.[@bib10], [@bib11], [@bib12] Because of the exposure of the cornea, corneal nerve damage as a result of mechanical or chemical stimulation is possible. Unlike the neurons in the central nervous system, where injured neurons usually cannot regenerate, the damaged nerve axons within the peripheral nervous system can regenerate. However, this process is affected by many factors that may make nerve regeneration incomplete, which, in turn, can lead to corneal diseases, such as loss of corneal sense, dry eye disease, and metabolic disorder of the epithelium.[@bib8] Thus, a clear understanding of the mechanisms controlling corneal nerve regeneration is critical to the development of new therapies for curing corneal neuropathic diseases and restoring vision. A recent study showed that a close relationship exists between the gut microbiota and neurogenesis in the brain.[@bib5] Therefore, we hypothesized that the gut microbiota may also participate in corneal nerve regeneration.

In peripheral nerve fibers, the axon stump near the neuron cell body can regenerate after injury while the axon stump distal to the site of transection begins to degenerate.[@bib13] This degeneration is important for the generation of an appropriate local environment for the regeneration of injured axons,[@bib14] and macrophages play a crucial role in this process. When nerve fibers are damaged, many macrophages are recruited to the injury site, where they remove cell debris, thus clearing a path for new axons to regenerate. If this recruitment is inhibited, both the clearing of cell debris and the regeneration of axons are seriously impaired.[@bib15] In addition, macrophages can secrete many neurotrophins, such as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin (NTF)--3, and NTF-5, to promote regeneration of damaged axons.[@bib16] Many studies have revealed that gut microbiota can affect the function and distribution of immune cells in some tissues, thereby controlling inflammation and the response to infection in these locations.[@bib17], [@bib18], [@bib19] For instance, tissue-resident segmented filamentous bacteria in the gut can modulate autoimmune arthritis by affecting the activation of type 17 helper T cells.[@bib20] Furthermore, the maturation and function of macrophages in the brain (microglia) are negatively affected by deficiencies in gut microbiota.[@bib21] Given the important roles of macrophages in the regeneration of injured nerves, we inferred that macrophages may be the mediators by which the gut microbiota controls the regrowth of damaged axons. Thus, we assessed whether macrophages participate in corneal nerve regeneration and if the gut microbiota controls the distribution of macrophages in the cornea.

In this study, we demonstrate that Abx treatment negatively affects corneal homeostasis and nerve regeneration. Furthermore, reconstitution of the gut microbiota with fecal transplant significantly promotes corneal nerve regeneration in Abx-treated mice. CCR2^−^ macrophages were confirmed to participate in the repair process of damaged corneal nerve fibers, and gut microbiota affected the distribution of these cells in the cornea. Moreover, administration of probiotics to Abx-treated mice was found to reverse the impairment in corneal nerve regeneration.

Materials and Methods {#sec1}
=====================

Animals {#sec1.1}
-------

Specific-pathogen-free female C57BL/6 mice without eye diseases, aged 7 to 8 weeks, were bought from the Medical Experimental Animal Center (Guangdong, China). All animal protocols were approved by the Jinan University Laboratory Animal Committee on Animal Welfare. All the animals were treated in accordance with the Association for Research in Vision and Ophthalmology\'s Statement for the Use of Animals in Ophthalmology and Vision Research and the guidelines of the Animal Experimental Committee at Jinan University. The animals were anesthetized by inhalation of 2% isoflurane. Animals were euthanized by overdose of carbon dioxide and cervical dislocation.

Antibiotic Treatment {#sec1.2}
--------------------

Mice were provided 1 g/L ampicillin (number A1593; Sigma-Aldrich, St. Louis, MO), 500 mg/L vancomycin (number V2002; Sigma-Aldrich), 1 g/L neomycin sulfate (number N0401000; Sigma-Aldrich), and 1 g/L metronidazole (number M3761; Sigma-Aldrich) in drinking water for 4 weeks. Each C57BL/6 mouse was found to consume approximately 5 mL of aqueous antibiotic solution per day in this study. Thus, the amounts of ampicillin, neomycin sulfate, and metronidazole were approximately 5 mg/day per mouse, and the amount of vancomycin was approximately 2.5 mg/day per mouse. On the basis of the pharmacokinetic studies of mice after oral administration of these four antibiotics,[@bib22], [@bib23], [@bib24], [@bib25], [@bib26] the estimated antibiotic concentrations in the mouse serum were 0.015 μg/μL for ampicillin, 0 μg/μL for vancomycin (not absorbed in the gastrointestinal tract), 0.001 μg/μL for neomycin sulfate, and 0.028 μg/μL for metronidazole. It is possible that these antibiotics could be absorbed into ocular tissue through the intestinal tract. To exclude the potential effects of this on posttraumatic nerve regeneration, approximately 3 to 5 μL of eye drops of a mixture of ampicillin, neomycin sulfate, and metronidazole at the above serum concentrations were put in each cornea every day for 4 weeks.

Fecal Transplant and Probiotic Administration {#sec1.3}
---------------------------------------------

After antibiotic treatment, drinking water with antibiotic was replaced by sterile water. Three days later, the antibiotic-treated mice were administered fecal flora by 200-μL gavage, the feces of one donor mouse were given to two recipient mice, or antibiotic-treated mice were orally challenged with unflavored VSL\#3 probiotic mixture (VSL Pharmaceuticals Inc., Towson, MD); each mouse was given nearly 1 × 10^7^ probiotic bacteria, once every 3 days for three times. VSL\#3 is a commercial probiotic cocktail containing eight bacterial strains, which are *Bifidobacterium breve*, *Bifidobacterium longum*, *Bifidobacterium infantis*, *Lactobacillus acidophilus*, *Lactobacillus plantarum*, *Lactobacillus paracasei*, *Lactobacillus bulgaricus*, and *Streptococcus thermophiles*.

16S rRNA Gene Sequencing {#sec1.4}
------------------------

The diversity and abundance of the gut microbiota were analyzed with 16S rRNA gene sequencing. DNA of the gut microbiota from stool was obtained by the QIAamp DNA Stool Mini Kit (number 51504; Qiagen, Germantown, MD). Then, a DNA sample was sent to TinyGene Company (Shanghai, China) for 16S rRNA gene sequencing analysis.

mRNA Sequencing Analysis {#sec1.5}
------------------------

After the mice were euthanized, their eyeballs were clipped and the cornea was left complete. Corneas were cut into pieces, put into Buffer RZ (number RK145; Tiangen, Beijing, China), and ground by a TissueRuptor (Qiagen). Total RNA of the corneal tissues was obtained with the RNA simple Total RNA Kit (number DP419; Tiangen). The RNA samples were then sent to the BGI Company (Guangdong, China) for mRNA sequencing analysis. Gene ontology analysis was performed using the Gene Ontology Consortium.

Corneal Wound Healing Model {#sec1.6}
---------------------------

Mouse cornea was mechanically abraded, as previously described.[@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32] Briefly, the animals were anesthetized using an i.p. injection of sodium phenobarbital (25 to 50 mg/kg). The central corneal epithelium was marked with a 2-mm trephine, and this labeled region was removed using a golf club spud (Accutome, Malvern, PA).

Macrophage Depletion {#sec1.7}
--------------------

According to our previous study, corneal macrophage populations were depleted using related antibodies or an antagonist.[@bib33] In brief, CCR2^−^ macrophages were depleted by subconjunctival injection of 5 μL anti--colony stimulating factor 1 receptor (CSF1R) antibody (number 16-1152-82; eBioscience, San Diego, CA) (0.5 μg/μL; 10 times, once every other day), whereas the control group was treated with isotype control IgG (number 16-4321-82; eBioscience). CCR2^+^ macrophages were depleted using the CCR2 antagonist, BMS CCR2 22 (number 3129; R&D Systems, Minneapolis, MN) dissolved in ethanol, then diluted with saline. Mice were given this antagonist by i.p. injection (10 μg/20 g) (10 times, once every other day). The control group was treated with the diluent without BMS CCR2 22.

Corneal Sensitivity Measurement {#sec1.8}
-------------------------------

Corneal sensitivity was measured with a Cochet-Bonnet esthesiometer (number 8630-1490-29; Luneau SAS, Prunay-le-Gillon, France), as previously described.[@bib34] Briefly, the Cochet-Bonnet esthesiometer has a monofilament at lengths ranging from 0.5 to 6.0 cm. The central cornea was touched by the monofilament at each length four times, with the monofilament contacting the corneal surface vertically. The fraction was recorded when the mice have a blink response.

Immunostaining and Qualitative Analysis {#sec1.9}
---------------------------------------

Immunostaining and qualitative analysis were performed as previously described.[@bib28] After the mice were euthanized, their eyeballs were fixed in 4% paraformaldehyde for 1 hour and were then clipped in phosphate-buffered saline under a dissecting microscope, leaving the corneas with complete limbi. After washing three times with phosphate-buffered saline, corneas were blocked in 2% bovine serum albumin for 15 minutes and permeabilized with 0.1% Triton X-100/2% bovine serum albumin for 15 minutes. The treated corneas were then incubated with anti--β-III tubulin conjugated with NL557 (number NL1195R; R&D Systems) (1:10) or anti-mouse CD64 fluorescein isothiocyanate (number 139315; BioLegend, San Diego, CA) (1:100) antibodies at 4°C overnight. After staining, corneas were washed with phosphate-buffered saline three times (5 minutes each time) and then placed on glass slides and cut radially to flatten them. A fluorescent mounting medium containing 1 μmol/L DAPI (number 28718-90-3; Sigma-Aldrich) was placed on the corneas. Corneas were imaged by the DeltaVision microscopy imaging system (Applied Precision, Issaquah, WA). Whole mounts of the corneas were evaluated using a 40× objective oil immersion lens to analyze each field of view (150 × 150 μm) across the cornea from limbus to limbus. Digital images of tubulin III--positive nerve fibers were analyzed using Imaris software version 7.4.2 (Bitplane, Zurich, Switzerland), and the length of nerve fibers in each field was measured.

Flow Cytometric Analysis {#sec1.10}
------------------------

Corneal tissues were digested with 0.2% collagenase type I (number C0130; Sigma-Aldrich) for 1.5 to 2 hours and were then washed with phosphate-buffered saline and passed through a 75-μm filter to get single cells. These single corneal cells were blocked with Flow Cytometry Staining Buffer (number 00-4222; eBioscience) containing anti-mouse CD16/32 antibody (number 14-0161-85; eBioscience) at room temperature for 10 minutes and were then incubated by a mixture of the following antibodies (dilution 1:100): anti-mouse CD45 antibody conjugated with fluorescein isothiocyanate (number 553080; BD Biosciences, San Jose, CA), anti-mouse CD64 conjugated with Brilliant Violet 421 (number 139309; BioLegend), and anti-mouse CCR2 conjugated with allophycocyanin (number FAB5538A; R&D Systems) at room temperature for 30 minutes. Finally, the stained cells were analyzed using a BD FACSCanto (BD Biosciences, Franklin Lakes, NJ).

Transcript Amplification from Corneal Macrophages {#sec1.11}
-------------------------------------------------

Corneal cells were stained with the following antibody mixture (dilution 1:100), involving anti-mouse CD45 antibody conjugated with fluorescein isothiocyanate, anti-mouse CD64 conjugated with Brilliant Violet 421, and anti-mouse CCR2 conjugated with allophycocyanin, at room temperature for 30 minutes. These stained corneal cells were analyzed and sorted by the BD FACSAria (BD Biosciences) to get CD45^+^CD64^+^CCR2^−^ and CD45^+^CD64^+^CCR2^+^ macrophages. After that, whole transcriptomes of the two macrophage populations were amplified by the REPLI-gWTA Single Cell Kit (number 150063; Qiagen).

Adoptive Transfer of Macrophages {#sec1.12}
--------------------------------

The corneal cells were stained with anti-mouse CD45 antibody conjugated with fluorescein isothiocyanate, anti-mouse CD64 conjugated with Brilliant Violet 421, and anti-mouse CCR2 conjugated with allophycocyanin, and then sorted by FACSAria to get CD45^+^CD64^+^CCR2^−^ and CD45^+^CD64^+^CCR2^+^ macrophages. The two kinds of sorted cells were then subconjunctivally injected to the Abx-treated mice (10^4^ cells/eye).

qPCR {#sec2}
====

mRNA levels were quantified by real-time quantitative PCR (qPCR). The corneal tissues were cut into pieces, put into Buffer RZ (number RK145; Tiangen), and ground by the TissueRuptor. Total RNA from the corneal tissues was then extracted by the RNA Simple Total RNA Kit (number DP419; Tiangen). Reverse transcription of mRNA was performed with the ReverTra Ace qPCR RT Kit (number FSQ-101; Toyobo, Osaka, Japan) to obtain cDNA. Finally, expression of the target genes in the cDNA of corneal tissues and the amplified transcriptomes in the sorted CCR2^−^ and CCR2^+^ corneal macrophages were investigated with the THUNDERBIRD SYBR qPCR Mix (number QPS-201; Toyobo). The qPCR primers used in our study are shown in [Table 1](#tbl1){ref-type="table"}.Table 1PCR Primers Used in This StudyGene namePrimer pair*Ngf*Forward5′-ACTCATACTGCACCACGACT-3′Reverse5′-TCAGCCTCTTCTTGTAGCCTT-3′*Bdnf*Forward5′-GACGGTCACAGTCCTAGAGAA-3′Reverse5′-CCTTATGAATCGCCAGCCAAT-3′*Ntf3*Forward5′-TACGGCAACAGAGACGCTAC-3′Reverse5′-GTGGTGAGGTTCTATTGGCTAC-3′*Ntf5*Forward5′-AGGCACTGGCTCTCAGAATG-3′Reverse5′-AGCTGTGTCGATCCGAATCC-3′*GAPDH*Forward5′-CAAGGACACTGAGCAAGAG-3′Reverse5′-TGCAGCGAACTTTATTGATG-3′

Statistical Analysis {#sec2ww}
====================

The results are presented as means ± SD. For comparisons between groups, analysis of variance was performed, followed by the Tukey\'s honestly significant difference test. Statistical significance was set at *P* \< 0.05.

Results {#sec3}
=======

Abx Treatment Affects Corneal Homeostasis {#sec3.1}
-----------------------------------------

Using 16S rRNA gene sequencing, it was found that most gut microorganisms were depleted after extended treatment with broad-spectrum Abxs (ampicillin, vancomycin, neomycin sulfate, and metronidazole) in drinking water, which results in gut microbiota dysbiosis ([Supplemental Figure S1](#appsec1){ref-type="sec"}). Furthermore, RNA sequencing showed that gene transcription in the corneal tissues of Abx-treated mice was markedly changed compared with that of the control mice (treated with sterile water). Among the changed genes, 116 genes involved in neurogenesis were down-regulated ([Figure 1](#fig1){ref-type="fig"}A). To observe the effect of Abx treatment on the homeostasis of corneal nerves, corneal nerve density was assessed after anti--β-III tubulin staining in the Abx-treated and control mice. The cornea with complete limbus was examined under the microscope using a 40× objective oil immersion lens and was then divided into five zones from limbus to central cornea. The first zone is in the limbus, and the second, third, fourth, and fifth zones are in the cornea ([Figure 1](#fig1){ref-type="fig"}B). Corneal nerves can be classified into stromal nerve fibers, subbasal nerve plexus, and branches projecting from this plexus into the stratified epithelium ([Figure 1](#fig1){ref-type="fig"}C). The average nerve density within each zone of the cornea (the second, third, fourth, and fifth zones) was assessed. Thus, within the area under the 40× objective lens, the number of nerve branches in the stratified epithelium or the length of subbasal and stromal nerve fibers was set as the nerve density. Moreover, using a Cochet-Bonnet esthesiometer, corneal sensitivity was detected in the Abx-treated and control mice. Epithelial nerve branch density, subbasal nerve density, and stromal nerve density were all lower in Abx-treated mice than in control mice, whereas the extent of decrease in corneal nerve density did not affect corneal sensitivity ([Figure 1](#fig1){ref-type="fig"}, D--F, and [Supplemental Figure S2](#appsec1){ref-type="sec"}).Figure 1Alteration of corneal homeostasis in mice after antibiotic (Abx) treatment in drinking water. **A:** RNA sequencing was used to detect changes in gene expression in the corneas from Abx-treated mice compared with those from the control mice (treated with sterile water). Biological processes were assigned to genes by using annotated gene ontology (GO). The bar of the color represents the aggregation degree of genes in one kind of biological process. **B:** Corneal whole-mount immunostaining of anti--β-III tubulin NL557. The cornea with complete limbus can be divided into five (**1--5**) zones from limbus to central cornea under the microscope by using a 40× objective oil immersion lens. **Left panel:** Zone **1** is in the limbus, and zones **2--5** are in the cornea. **Right five panels:** Enlarged views in the five zones in one direction. **C:** Definition of nerve fibers located in different corneal layers. **D--F:** Comparison of corneal nerve density in stratified epithelium, subbasal layer, and stroma between Abx-treated and control mice (sterile water treated). **Left panels:** Nerve density in each corneal zone from control and Abx-treated mice. **Right panels:** Total nerve density from the second to fifth zones in the cornea of control and Abx-treated mice. Data are expressed as means ± SD (**D--F**). *n* = 2 independent experiments (5 mice per experiment; **A**); *n* = 6 mice in each group (**D--F**). ^∗^*P* \< 0.05. Scale bars: 200 μm (**B**, **left panel**); 25 μm (**B**, **right five panels**, and **C**).

Abx Treatment Impairs Corneal Nerve Regeneration after Epithelial Abrasion {#sec3.2}
--------------------------------------------------------------------------

To evaluate the effects of oral Abx treatment on corneal nerve regeneration after corneal abrasion, part of the corneal epithelium was abraded to establish a mouse model of corneal nerve injury, as described previously.[@bib28] In this model, epithelial nerve branches and subbasal nerves from the third to fifth zones within the cornea were injured ([Figure 2](#fig2){ref-type="fig"}A). RNA-sequencing analysis of corneal tissues showed that the gene transcription in the corneal tissues of Abx-treated mice was markedly changed compared with that of the control mice, and genes involving neurogenesis decreased after Abx treatment at wounding at 24 hours ([Figure 2](#fig2){ref-type="fig"}B). This result suggests that the regeneration of damaged corneal nerves may be affected. Two time points, 4 and 8 days after abrasion, were chosen to observe the regeneration of epithelial nerve branches and subbasal nerves. The results showed that the epithelial nerve branches were still not regenerated at 4 days after wounding; although the nerve branches started to regrow at 8 days after wounding, the density was not significantly different between Abx-treated and control mice ([Figure 2](#fig2){ref-type="fig"}C). At 4 and 8 days after abrasion, the density of subbasal nerves within the fourth and fifth zones, as well as in the total corneal fields of the Abx-treated mice, decreased, compared with that of the control mice ([Figure 2](#fig2){ref-type="fig"}, D and E). Moreover, the Abx-treated mice exhibited less corneal sensitivity than the control mice from 4 to 8 days after being injured ([Figure 2](#fig2){ref-type="fig"}F). These data indicate that Abx treatment impairs corneal nerve regeneration. There are two possible reasons that Abx treatment delays the repair of corneal nerve fibers, there is either a toxic effect of the Abx itself on the host or an effect of dysbiosis of gut microbiota after Abx treatment.[@bib35] To determine whether antibiotic compounds absorbed in the gastrointestinal tract directly suppress corneal nerve regeneration after abrasion, the antibiotic cocktail used in the animal drinking water was topically administered for 4 weeks at the serum concentrations based on previous pharmacokinetics data.[@bib22], [@bib23], [@bib24], [@bib25], [@bib26] Control mice were given sterile saline eye drops once per day for 4 weeks. The results of corneal nerve regrowth showed that there was a slight, but nonsignificant, decrease after topical Abx treatment in the density of corneal subbasal nerve fibers and the corneal sensitivity ([Supplemental Figure S3](#appsec1){ref-type="sec"}).Figure 2Alteration of corneal nerve regeneration after oral antibiotic (Abx) treatment with or without fecal transplant. **A:** Nerve fiber distribution after corneal epithelial abrasion. **Left panel:** A schematic view of the cornea with fields (150 × 150 μm) relative to the abraded area (enclosed by **dotted line**). Cornea with complete limbus can be divided into five zones (**1--5**) from limbus to central cornea under the microscope by using a 40× objective oil immersion lens. Zone **1** is in the limbus, and zones **2--5** are in the cornea. **Right panels:** The subbasal nerves and branches projecting from subbasal nerves are injured. **B:** RNA sequencing was used to detect the gene expression in the corneas of control mice, Abx-treated mice, and Abx-treated mice with fecal transplant. The upper two volcano plots represent the changes of gene expression in corneas from the Abx-treated mice when compared with those from the control mice at 0 or 24 hours after epithelial abrasion. The heat map is about the expression of the top 30 differentially expressed genes of neurogenesis in the corneas of the control (sterile water--treated) mice, Abx-treated mice, and Abx-treated mice with fecal transplant after wounding at 24 hours (the mean value was used to make the graph). **C:** Comparison of the density of epithelial nerve branches at 8 days after epithelial abrasion between the control and Abx-treated mice. The two graphs are the density of epithelial nerve branches in each corneal zone (**left panel**) and in the total corneal fields (from the third to fifth zones; **right panel**) of the two groups of mice. **D** and **E:** Comparison of the density of subbasal nerves at 4 and 8 days after epithelial abrasion among the control mice, Abx-treated mice, and Abx-treated mice with fecal transplant. The two graphs are the density of subbasal nerves in each corneal zone (**left panels**) and in the total corneal fields (from the third to fifth zones; **right panels**) of the three groups of mice. **F:** Comparison of corneal sensitivity after corneal epithelial abrasion among the three groups of mice. Corneal sensitivity was measured using a Cochet-Bonnet esthesiometer. Data are expressed as means ± SD. *n* = 2 independent experiments (5 mice per experiment; **B**); *n* = 6 mice in each group (**C--F**). ^∗^*P* \< 0.05, ^∗∗^*P* \< 0.01 for Abx-treated mice versus control mice; ^†^*P* \< 0.05, ^††^*P* \< 0.01 for Abx-treated mice with fecal transplant versus Abx-treated mice; ^‡^*P* \< 0.05 for Abx-treated mice with fecal transplant versus control mice. Scale bar = 25 μm (**A**, **right panels**).

Fecal Transplant Promotes Corneal Nerve Regeneration in Abx-Treated Mice {#sec3.3}
------------------------------------------------------------------------

The impairment of corneal nerve regeneration likely results from Abx-induced dysbiosis of the gut microbiota. To confirm this hypothesis, the gut microbiota of Abx-treated mice was reconstituted by fecal transplant. After fecal transplant from normal mice to Abx-treated mice, the abundance of gut microorganisms in Abx-treated mice was similar to that of control mice given sterile water ([Supplemental Figure S1](#appsec1){ref-type="sec"}). It indicated that the gut microbiota in the Abx-treated mice is restored. Next, a part of the corneal epithelium was abraded ([Figure 2](#fig2){ref-type="fig"}A), and the regeneration of subbasal nerves was observed in each group of mice. The results showed that the genes involved in neurogenesis and the density of subbasal nerves in Abx-treated mice after fecal transplant increased compared with that in Abx-treated mice with no transplant at both 4 and 8 days after wounding, whereas they were slightly lower than that in the control mice ([Figure 2](#fig2){ref-type="fig"}, B, D, and E). In addition, the corneal sensitivity of the Abx-treated mice with fecal transplant also increased compared with that of the Abx-treated mice with no transplant, although it was slightly lower than that of the control mice at 6 and 8 days after wounding ([Figure 2](#fig2){ref-type="fig"}F). These results indicate that the regrowth rate of corneal nerve fibers in the Abx-treated mice increases after fecal transplant, although not to a level equivalent to that of the control mice.

Lack of CCR2^−^ Macrophages Impairs Corneal Nerve Regeneration {#sec3.4}
--------------------------------------------------------------

After damage of the peripheral nerves, macrophages are not only involved in removal of cell debris, but they also secrete neurotrophins to promote axon regrowth near axotomized neuronal cell bodies.[@bib36], [@bib37], [@bib38] The costaining of anti-mouse CD64 antibody, which identifies macrophages, and anti--β-III tubulin showed that macrophages are usually located around corneal nerve fibers ([Figure 3](#fig3){ref-type="fig"}A). Our previous study showed that corneal macrophages can be classified into CCR2^−^ and CCR2^+^ populations by differential gene expression and function.[@bib33] With RT-PCR, neurotrophin gene expression was evaluated in flow cytometry--sorted CCR2^−^ and CCR2^+^ macrophages. These data show that CCR2^−^ macrophages express neurotrophin genes (*Ngf*, *Bdnf*, *Ntf-3*, and *Ntf-5*), whereas CCR2^+^ macrophages do not ([Figure 3](#fig3){ref-type="fig"}B). CCR2^−^ corneal macrophages are defective in anti--CSF1R antibody--treated mice, and CCR2^+^ corneal macrophages depend on monocyte contribution and decrease after CCR2 antagonist BMS CCR2 22 treatment.[@bib33] Thus, CCR2^−^ corneal macrophages were depleted by injection of anti-CSF1R antibody, and CCR2^+^ corneal macrophages were depleted by injection of CCR2 antagonist BMS CCR2 22 in this study. The expression of neurotrophins in corneal tissues and the density of subbasal nerves from anti--CSF1R antibody--treated mice were decreased at 8 days after corneal wounding compared with that in the isotype control mice ([Figure 3](#fig3){ref-type="fig"}, C and D). In the CCR2 antagonist--treated mice, the expression of neurotrophins in cornea tissues and the density of subbasal nerves were not obviously changed at 8 days after corneal wounding compared with those in the control mice, although the density of subbasal nerves within the fourth zone and total corneal fields of CCR2 antagonist--treated mice decreased slightly ([Figure 3](#fig3){ref-type="fig"}, E and F). Moreover, the corneal sensitivity in anti--CSF1R antibody--treated mice was lower than that in the isotype control mice at 6 and 8 days after wounding, whereas CCR2 antagonist--treated mice showed no significant change ([Figure 3](#fig3){ref-type="fig"}, G and H). These results suggest that the lack of CCR2^−^ macrophages impairs corneal nerve regeneration after epithelial abrasion.Figure 3Effect of macrophage (MФ) depletion on corneal nerve regeneration. **A:** Anti--β-III tubulin NL557 and CD64 fluorescein isothiocyanate antibody costaining of cornea. **B:** RT-PCR evaluation of flow cytometry--sorted CCR2^−^ and CCR2^+^ corneal macrophages for the expression of neurotrophin genes. **C** and **E:** The change of neurotrophin gene expression in corneal tissues at 8 days after epithelial abrasion. CCR2^−^ corneal macrophages were depleted by subconjunctival injection of anti--colony stimulating factor 1 receptor (CSF1R) antibody, and CCR2^+^ corneal macrophages were depleted by i.p. injection of CCR2 antagonist BMS CCR2 22. **D** and **F:** Change in the density of subbasal nerves at 8 days after epithelial abrasion in mice depleted of CCR2^−^ or CCR2^+^ macrophages. **G** and **H:** The change in corneal sensitivity after corneal epithelial abrasion in mice depleted of CCR2^−^ or CCR2^+^ macrophages. Data are expressed as means ± SD. *n* = 3 independent experiments \[10 mice per experiment (**B**) and 6 mice per experiment (**C** and **E**)\]; *n* = 6 mice in each group (**D** and **F--H**). ^∗^*P* \< 0.05, ^∗∗^*P* \< 0.01. Scale bar = 100 μm (**A**).

Gut Microbiota Affects Macrophage Distribution in Cornea {#sec3.5}
--------------------------------------------------------

Previous studies revealed that the composition of gut microbiota affects the function and distribution of immune cells in tissues.[@bib17], [@bib18], [@bib19] In this study, with RNA-sequencing analysis, the expression of macrophage-related genes in the corneal tissues was down-regulated after Abx treatment at wounding at 24 hours and was mostly reversed by fecal transplant ([Figure 4](#fig4){ref-type="fig"}A). It suggests that the gut microbiota may also participate in the regulation of corneal macrophages. Therefore, the distribution of macrophages in the cornea of the control (treated with sterile water), Abx-treated mice, and Abx-treated mice with fecal transplant was studied, and it was found that the proportion of CCR2^−^ macrophages in the Abx-treated mice was significantly decreased at 4 and 8 days after epithelial abrasion compared with that in the control group. After fecal transplant, the proportion of CCR2^−^ macrophages in Abx-treated mice increased and equaled that of control mice at 6 and 8 days after wounding ([Figure 4](#fig4){ref-type="fig"}B). Moreover, the proportion of CCR2^+^ macrophages in Abx-treated mice decreased at 2 days after wounding, whereas it gradually increased and normalized at 8 days after wounding. After fecal transplant, the proportion of CCR2^+^ macrophages in Abx-treated mice was also restored ([Figure 4](#fig4){ref-type="fig"}B). This finding suggests that transplant of gut microbiota can restore the distribution of both CCR2^−^ and CCR2^+^ macrophages in the cornea of Abx-treated mice. Furthermore, considering that the CCR2^+^ corneal macrophages in Abx-treated mice were finally normalized, and that these cells mainly rely on monocyte contribution,[@bib33] changes in monocytes in peripheral blood were assessed; the proportion of monocytes in peripheral leukocytes of Abx-treated mice was found to be lower than that of control mice at 2 days after epithelial abrasion. However, it was equal to the level in control mice at 8 days after wounding ([Supplemental Figure S4](#appsec1){ref-type="sec"}). The gating strategies for analyzing macrophages and monocytes in flow cytometry were justified by related isotype controls ([Supplemental Figure S5](#appsec1){ref-type="sec"}).Figure 4The effects of gut microbiota on the expression of macrophage (MФ)--related genes and distribution of macrophages in cornea. **A:** Investigation of the expression of macrophage-related genes in the control mice, Abx-treated mice, and Abx-treated mice with fecal transplant by RNA-sequencing analysis after wounding at 24 hours. Forty-seven genes involved in the regulation of macrophages were changed, and the top 30 differentially expressed genes are shown in the heat map (the mean value was used to make the graph). **B:** Dynamic changes in CCR2^−^ and CCR2^+^ corneal macrophages at 2, 4, 6, and 8 days after epithelial abrasion in the three groups of mice. The gating strategies were justified by related isotype controls in [Supplemental Figure S5](#appsec1){ref-type="sec"}. Data are expressed as means ± SD. *n* = 2 independent experiments (5 mice per experiment; **A**); *n* = 3 independent experiments (5 mice per experiment; **B**). ^∗^*P* \< 0.05 for antibiotic (Abx)--treated mice versus control mice; ^†^*P* \< 0.05 for Abx-treated mice after fecal transplant versus Abx-treated mice. FSC, forward scatter; SSC, side scatter.

Adoptive Transfer of CCR2^−^ Macrophages Promotes Corneal Nerve Regeneration in Abx-Treated Mice {#sec3.6}
------------------------------------------------------------------------------------------------

CCR2^−^ macrophages play an important role in corneal nerve regeneration, and they are affected by the composition of gut microbiota. This information suggests that the gut microbiota participates in corneal nerve regeneration by affecting CCR2^−^ macrophage distribution. To confirm this hypothesis, CCR2^−^ corneal macrophages were transferred from normal mice to Abx-treated mice. A previous study indicated that subconjunctival injection of peritoneal macrophages could promote corneal wound healing.[@bib39] Macrophages from normal mice were, therefore, transferred to Abx-treated mice by subconjunctival injection. After epithelial abrasion, the sorted CCR2^−^ corneal macrophages were subconjunctivally injected into Abx-treated mice once every other day. The results showed that the density of subbasal nerves in Abx-treated mice with transplant of CCR2^−^ macrophages increased compared with that in the Abx-treated mice without transplant. CCR2^+^ corneal macrophages were also transferred to the Abx-treated mice later, but this had no significant effect on corneal nerve regeneration in these mice ([Figure 5](#fig5){ref-type="fig"}). These data indicate that the transplant of CCR2^−^ macrophages can promote corneal nerve regeneration in Abx-treated mice.Figure 5Effect of adoptive transfer of CCR2^−^ and CCR2^+^ macrophages (MФs) on corneal nerve regeneration in antibiotic (Abx)--treated mice. Data are expressed as means ± SD. *n* = 6 mice in each group. ^∗^*P* \< 0.05.

Probiotic Treatment Promotes Corneal Nerve Regeneration in Abx-Treated Mice {#sec3.7}
---------------------------------------------------------------------------

Among the numerous gut microorganisms, some strains are known to be beneficial, and taking appropriate doses of these has been shown to cure certain diseases.[@bib40], [@bib41], [@bib42], [@bib43] These gut microorganisms are commonly known as probiotics. VSL\#3 is a commercially available probiotic mixture containing eight bacterial strains. Previously, supplementation with VSL\#3 was shown to restore hippocampal neurogenesis and brain function in Abx-treated mice.[@bib5] Therefore, VSL\#3 was given to Abx-treated mice to determine whether probiotics can improve corneal nerve regeneration after Abx treatment. RNA sequencing showed that the genes involved in the regulation of macrophages and neurogenesis both increased in Abx-treated mice after probiotic treatment ([Figure 6](#fig6){ref-type="fig"}A). And 8 days after epithelial abrasion, the proportion of macrophages within corneal cells was assessed in each group of mice. Supplementation of Abx-treated mice with probiotic treatment was found to restore the proportion of CCR2^−^ macrophages ([Figure 6](#fig6){ref-type="fig"}B). Furthermore, the density of subbasal nerve fibers in Abx-treated mice given probiotics was higher than that in Abx-treated mice, and it was even slightly higher than that in control mice (treated with sterile water) ([Figure 6](#fig6){ref-type="fig"}C). In addition, from 6 to 8 days after wounding, corneal sensitivity was increased in Abx-treated mice with probiotic treatment compared with Abx-treated mice without probiotic treatment, and it was even higher than that in the control mice at 6 and 8 days after wounding ([Figure 6](#fig6){ref-type="fig"}D). These results suggest that probiotics can restore CCR2^−^ macrophage distribution and markedly promote corneal regeneration in Abx-treated mice. In view of the potent ability of probiotics to promote nerve regeneration in mice with gut microbiota dysbiosis, it was tested whether probiotics could promote regeneration of injured corneal nerves in mice that had normal gut microbiota. The change in corneal nerve regeneration of mice that had normal gut microbiota after probiotic treatment was studied. However, the results showed no difference between the control mice (treated with sterile water) and probiotic-treated mice in the regeneration of damaged corneal nerves ([Figure 6](#fig6){ref-type="fig"}E).Figure 6Effect of probiotic treatment on the macrophage (MФ) distribution and nerve regeneration in the cornea. **A:** Investigation of the expression of genes involved in the regulation of macrophages and neurogenesis in the control mice, antibiotic (Abx)--treated mice, and Abx-treated mice with probiotic treatment by RNA-sequencing analysis 24 hours after wounding. The top 30 differentially expressed genes are shown in the heat map (the mean value was used to make the graph). **B:** Comparison of the distribution of CCR2^−^ and CCR2^+^ macrophages in the cornea at 8 days after epithelial abrasion among the control mice, Abx-treated mice, and Abx-treated mice with probiotic treatment. **C:** Alteration of the density of subbasal nerves at 8 days after epithelial abrasion in the Abx-treated mice given probiotics. The two graphs show the density of the subbasal nerve in each corneal zone and total fields from the third to fifth zone of the cornea in the three groups of mice. **D:** Comparison of the corneal sensitivity after epithelial abrasion among the three groups of mice. **E:** Alteration of the density of subbasal nerves at 8 days after epithelial abrasion in mice that have normal gut microbiota given probiotics. Data are expressed as means ± SD. *n* = 2 independent experiments (5 mice per experiment; **A**); *n* = 3 independent experiments (5 mice per experiment; **B**); *n* = 6 mice in each group (**C--E**). ^∗^*P* \< 0.05, ^∗∗^*P* \< 0.01 for Abx-treated mice with probiotic treatment versus Abx-treated mice; ^†^*P* \< 0.05 for Abx-treated mice with probiotic treatment versus control mice.

Discussion {#sec4}
==========

Although the use of Abxs has undoubtedly saved countless lives worldwide, these drugs also have adverse impacts on the human body. In this study, the long-term use of Abxs was found to induce dysbiosis of the gut microbiota and affect corneal homeostasis, including the alteration of corneal gene transcription and decrease of corneal nerve density. Investigation of corneal wound healing showed that, although Abx treatment impaired corneal nerve regeneration, reconstitution of the gut microbiota in Abx-treated mice by fecal transplant reversed this effect to a large extent. CCR2^−^ macrophages were known to participate in the regrowth of injured corneal nerves, and Abx treatment decreased these cells in the cornea. Fecal transplant was found to restore the proportion of these cells, and adoptive transfer of CCR2^−^ macrophages could promote corneal nerve regeneration in Abx-treated mice. Moreover, probiotic treatment was confirmed to largely promote the regeneration of corneal nerves in Abx-treated mice.

The long-term use of Abxs is known to negatively affect homeostasis and physiology of the mice, including causing a decrease in the number of nitrergic neurons in intestine,[@bib44] inhibiting hippocampal neurogenesis and memory retention,[@bib5] delaying of gastrointestinal peristalsis,[@bib44] and causing decreased hematopoiesis.[@bib45], [@bib46] Consistent with the above-mentioned studies, it was confirmed that Abx treatment significantly affected corneal gene transcription and decreased corneal nerve density. Furthermore, the investigation of corneal wound healing showed that Abx treatment impaired the capacity of corneal nerve regeneration, and reconstitution of the gut microbiota by fecal transplant could mostly restore this capacity. Thus, dysbiosis of the gut microbiota can be argued to be the primary factor causing the impairment of corneal nerve regeneration after oral Abx treatment. Morgun et al[@bib35] suggested that Abx-induced changes in the intestine could be explained by two factors: dysbiosis of the gut microbiota and the toxic effects of Abxs on intestinal tissues. Further study showed that topical treatment on injured corneas did not significantly delay corneal nerve regrowth. Because Abxs are known to have a toxic effect on intestinal tissues,[@bib35] a cascade effect in intestinal tissues may affect the regeneration of cornea nerves; this needs further investigation.

Regeneration of peripheral nerve fibers after injury is a complicated process involving the interactions of gliocytes, growth factors, cell adhesion molecules, and extracellular matrix, and the recruitment of macrophages.[@bib47] When peripheral nerves are damaged, macrophages not only clear cell debris but also secrete neurotrophins to promote axon regeneration.[@bib36], [@bib37], [@bib38] Depletion of macrophages around the sciatic nerve by injection of ganciclovir or clodronate was found to result in severe impairment of the regrowth of the injured sciatic nerve and in a deficiency of movement and sensory function.[@bib48], [@bib49] Immunostaining of the cornea revealed that several macrophages are located around the corneal nerve fibers, which suggests that macrophages may have a close relationship with corneal nerve growth. However, macrophages are a heterogeneous cell population, and in accordance with their secretion of different cytokines and functions, they can be classified into two populations: types M1 and M2. Investigation of mouse spinal cord injury revealed that M1 macrophages exert neurotoxicity and did not promote axon regrowth, whereas M2 macrophages largely promoted axon regeneration.[@bib50] Our previous studies indicated that corneal macrophages can be classified into CCR2^−^ and CCR2^+^ populations.[@bib33] CCR2^+^ macrophages are similar to M1 macrophages in the gene expression and function, whereas CCR2^−^ macrophages are similar to M2 macrophages.[@bib33] Herein, only CCR2^−^ macrophages were found to express neurotrophin genes (*Ngf*, *Bdnf*, *Ntf-3*, and *Ntf-5*). Furthermore, depletion of these cells resulted in decreased neurotrophin expression in corneal tissues and regeneration of injured corneal nerves. By contrast, depletion of CCR2^+^ macrophages did not obviously affect the regeneration of corneal nerves. This finding suggests that CCR2^−^ corneal macrophages act in a manner similar to M2 macrophages in the spinal cord and promote the regeneration of damaged corneal nerve fibers.

Although the proportion of CCR2^−^ macrophages within corneal cells decreased in Abx-treated mice, reconstitution of the gut microbiota with fecal transplant could restore their distribution in the cornea. This suggests that the composition of the gut microbiota affects the distribution of macrophages in the cornea. In accordance with the vital roles of CCR2^−^ macrophages in corneal nerve regeneration, we hypothesized that the gut microbiota participates in corneal nerve regeneration, mainly through affecting the distribution of CCR2^−^ macrophages. As expected, the adoptive transfer of CCR2^−^ macrophages could promote the regeneration of corneal nerves in Abx-treated mice. Although the use of Abx may affect other immune cells, it does not hinder us from getting the conclusion that CCR2^−^ macrophages are a crucial mediator of corneal nerve regeneration and are affected by gut microbiota. A recent study indicated that Abx-induced changes affect the immune system, with marked decreases in Ly6C^hi^ monocytes in the hippocampus, bone marrow, and blood after Abx treatment, whereas Ly6C^hi^ cells were found to subsequently normalize in the bone marrow and blood.[@bib5] In this study, the decrease in CCR2^−^ corneal macrophages of Abx-treated mice was still evident at 8 days after wounding, whereas CCR2^+^ macrophage numbers gradually increased and normalized. CCR2^−^ corneal macrophages have a self-renewal capacity and rarely depend on contributions from monocytes, whereas CCR2^+^ corneal macrophages mainly rely on monocyte input.[@bib33] In the present study, the proportion of monocytes in the blood was found to be normalized at 8 days after wounding. Therefore, the subsequent normalization of CCR2^+^ macrophages in Abx-treated mice is not surprising.

It is becoming evident that supplementation of some strains of gut microorganisms is beneficial to our body. In fact, probiotics have been reported to be useful for the treatment and prevention of infectious diarrhea[@bib40] as well as the amelioration of symptoms in Crohn disease, ulcerative colitis, and irritable bowel syndrome.[@bib36], [@bib37] VSL\#3 is a probiotic mixture containing eight bacterial strains and has been shown to ameliorate inflammation in inflammatory bowel disease.[@bib51] Moreover, Bassaganya-Riera et al[@bib52] showed that VSL\#3 can change the phenotype and distribution of macrophages in dextran sulfate sodium--induced acute colitis and markedly alter inflammation in the colon. In this study, it was found that supplementation with VSL\#3 restored the number of CCR2^−^ macrophages and accelerated the regrowth of injured corneal nerves in Abx-treated mice. By contrast, probiotic treatment did not promote the regeneration of injured corneal nerves in mice with normal gut microbiota. Thus, the capacity of probiotics to promote regeneration of injured corneal nerves is limited to conditions causing dysbiosis of the gut microbiota.

Collectively, these results indicate that Abx treatment negatively affects corneal homeostasis, including altering gene expression and decreasing nerve density in the cornea. In addition, the gut microbiota affects the regeneration of corneal nerve fibers by controlling the distribution of CCR2^−^ macrophages in the cornea. More important, probiotic treatment can restore the proportion of CCR2^−^ macrophages in the cornea of Abx-treated mice and accelerate the regeneration of corneal nerve fibers. Although the impairment of corneal nerve regeneration induced by Abx treatment is a complicated process, these findings shed light on the importance of gut microbiota homeostasis during corneal nerve regeneration as well as highlight the important roles of CCR2^−^ macrophages in nerve fiber regeneration.

Supplemental Data {#appsec1}
=================

Supplemental Figure S1Investigation of the diversity and abundance of gut microbiota in control mice, antibiotic (Abx)--treated mice, and Abx-treated mice with fecal transplant.Supplemental Figure S2Comparison of corneal sensitivity in antibiotic (Abx)--treated and control mice. Corneal sensitivity was measured using a Cochet-Bonnet esthesiometer. Data are expressed as means ± SD. *n* = 6 mice in each group.Supplemental Figure S3Alteration of corneal nerve regeneration after topical antibiotic (Abx) treatment. The change in the density of subbasal nerves (**A**) and corneal sensitivity (**B**) after topical Abx treatment on the cornea. Data are expressed as means ± SD. *n* = 6 mice in each group.Supplemental Figure S4Comparison of monocytes in peripheral blood between control and antibiotic (Abx)--treated mice. **A:** The gate strategies used to identify monocytes. The gating strategies were justified by related isotype controls ([Supplemental Figure S5](#appsec1){ref-type="sec"}). **B:** The proportion of monocytes within peripheral blood leukocytes in control and antibiotic-treated mice at 2 and 8 days after wounding. Data are expressed as means ± SD. *n* = 6 mice in each group (**B**). ^∗^*P* \< 0.05. FSC, forward scatter; P1, singlets; P2, monocytes; P3, Ly6C+Ly6G- cells; SSC, side scatter.Supplemental Figure S5Isotype controls for justifying the gating strategies. **A:** Isotype controls for antibodies \[CD45--fluorescein isothiocyanate (FITC), CD64-BV421, and CCR2--allophycocyanin (APC)\] used in [Figure 4](#fig4){ref-type="fig"}A. **B:** Isotype controls for antibodies \[Ly6G-FITC and Ly6C--phosphatidylethanolamine (PE)--Cy7\] used in [Supplemental Figure S4](#appsec1){ref-type="sec"}A. SSC, side scatter.
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